Normal functioning of the nervous system requires precise regulation of dendritic shape and synaptic connectivity. Here, we report a severe impairment of dendritic structures in the cerebellum and motor cortex of c-Jun N-terminal kinase 1 (JNK1)-deficient mice. Using an unbiased screen for candidate mediators, we identify the dendrite-specific high-molecular-weight microtubule-associated protein 2 (MAP2) as a JNK substrate in the brain. We subsequently show that MAP2 is phosphorylated by JNK in intact cells and that MAP2 proline-rich domain phosphorylation is decreased in JNK1Ϫ/Ϫ brain. We developed compartment-targeted JNK inhibitors to define whether a functional relationship exists between the physiologically active, cytosolic pool of JNK and dendritic architecture. Using these, we demonstrate that cytosolic, but not nuclear, JNK determines dendritic length and arbor complexity in cultured neurons. Moreover, we confirm that MAP2-dependent process elongation is enhanced after activation of JNK. Using JNK1Ϫ/Ϫ neurons, we reveal a dominant role for JNK1 over ERK in regulating dendritic arborization, whereas ERK only regulates dendrite shape under conditions in which JNK activity is low (JNK1Ϫ/Ϫ neurons). These results reveal a novel antagonism between JNK and ERK, potentially providing a mechanism for fine-tuning the dendritic arbor. Together, these data suggest that JNK phosphorylation of MAP2 plays an important role in defining dendritic architecture in the brain.
Introduction
Fine-tuning of dendritic arbors ensures both the proper connectivity of neural circuitry and the intrinsic electrical properties of neurons (Barrett and Crill, 1974; Mainen and Sejnowski, 1996; Libersat and Duch, 2004) . Although structural remodeling of dendritic shape or postsynaptic plasticity underlies the physiological process of learning and memory (Lamprecht and LeDoux, 2004) , abnormal dendritic development is a consistent hallmark of mental retardation syndromes (Fiala et al., 2002; Zoghbi, 2003) . Despite the importance of dendritic structure to neuronal physiology, the mechanisms regulating dendrite shape formation and maintenance in the brain remain essentially unknown (Miller and Kaplan, 2003) .
Microtubules are the main structural determinants of dendritic shafts (Peters et al., 1991; Matus, 1994) , and microtubule integrity is maintained in neurons by microtubule-stabilizing proteins. Among these, the most abundant in the mature brain is the high-molecular-weight microtubule-associated protein 2 (MAP2) (Sanchez et al., 2000) . Binding of MAP2 to protofilaments suppresses microtubule catastrophe activity (for review, see Desai and Mitchison, 1997) and promotes dendritic elongation (Harada et al., 2002) . Phosphorylation of MAP2 is an integral requirement for binding to microtubules in intact cells, and a number of MAP2 kinases have been reported (Brugg and Matus, 1991; Quinlan and Halpain, 1996; Sanchez et al., 1996 Sanchez et al., , 2000 . However, the effect of MAP2 kinases on dendritic growth is not fully understood.
c-Jun N-terminal kinases (JNKs) contribute to stress-induced neuronal cell death (for review, see Bozyczko-Coyne et al., 2002) . However, additional roles for JNK in regulating physiological responses in the nervous system have been described previously (Xu et al., 1997; Byrd et al., 2001; Xia and Karin, 2004) . Of the three JNK genes expressed in the brain, neural JNK1 displays elevated constitutive activity that is not stress related (Coffey et al., 2000 (Coffey et al., , 2002 Kuan et al., 2003) . This activity maintains microtubule homeostasis and axonal integrity in the adult brain (Chang et al., 2003) . JNK was first identified as a MAP2 kinase in vitro (Kyriakis and Avruch, 1990 ), yet it is only recently that MAP2 was considered as an in vivo JNK target (Chang et al., 2003) . Although MAP2 is a dendrite-specific microtubule-stabilizing protein, the effect of JNK on dendritic architecture has not been explored systematically.
Here, we report that cytoplasmic JNK1 activity increases during neuronal differentiation and that compartment-specific inhibition of this pool reveals a causal role for JNK in regulating dendritic shape. A dominant role for JNK over extracellular signal-regulated kinase (ERK) in shaping dendritic structure is supported from data comparing wild-type and JNK1Ϫ/Ϫ neurons, which display an increased dendritic arbor number and decreased arbor length. We show that JNK phosphorylates MAP2 in intact cells and that C-terminal phosphorylation of MAP2 is reduced in brains from JNK1Ϫ/Ϫ mice. Moreover, brains from JNK1-deficient mice show severe abnormalities in dendritic architecture; cerebella display increased dendrite complexity, and Golgi-Cox staining revealed a 60% reduction in dendrite length in layers III, IV, and V of the motor cortex. Together these data strongly suggest that JNK phosphorylation of MAP2 plays an integral role in regulating dendritic structure in the brain.
Materials and Methods
Antibodies and reagents. Mouse anti-MAP2 (AP20; specific for highmolecular-weight MAP2) and mouse anti-␤-tubulin (KMX-1) were obtained from Leinco Technologies (St. Louis, MO). Mouse anti-JNK1 (G151-333) was obtained from PharMingen (San Diego, CA), and mouse anti-striatin was obtained from Transduction Laboratories (Lexington, KY). Rabbit anti-P-JNK, mouse anti-P-ERK, and mouse anti-ERK1/2 were obtained from Cell Signaling Technology (Beverly, MA), and anti-phosphorylated threonine flanked by proline (phospho-TP) was a gift from M. Melnick (Cell Signaling Technology). Mouse antiactin was a gift from B. Jockusch (Technical University of Braunschweig, Braunschweig, Germany). Polyclonal anti-stress-activated protein kinase (SAPK) and anti-dephospho-MAP2 (972) were gifts from J. Kyriakis (Massachusetts General Hospital, Boston, MA) and J. Avila (Universidad Autó noma de Madrid, Madrid, Spain). Purified bovine high-molecular weight (HMW)-MAP2 was obtained from Cytoskeleton (Denver, CO).
Plasmids. HMW-MAP2 was obtained by PCR from rat brain cDNA using primers recognizing rat MAP2b and was inserted into the NotI site of a modified pEGFP-C1 (Clontech, Mountain View, CA) and into the NotI site of pEBG (University of Connecticut Health Center, Farmington, CT), after subcloning in pGEMT easy (Promega, Madison, WI) . pEGFP-JIP-JBD, pEGFP-NES-JBD, pEGFP-NLS-JBD, and pEGFP-NEScJun(1-146) were constructed by PCR-based methods from pcDNA3-mJIP1a. pcDNA3-dnJNK1 was prepared from pSR␣-JNK1APF by excising with HindIII/BamHI and ligating into pcDNA3 cut with HindIII/BamHI. pEBG-JNK, pDsRed-␦MEKK1, and pcDNA3-GAL4-Jun(5-105) constructs were described previously (Coffey et al., 2002; Hongisto et al., 2003) . pEBG-ERK1, pEBG-p38, and pGL3-G5E4⌬38 were gifts from B. Mayer (University of Connecticut) and P. Shaw (Nottingham University, Nottingham, UK). SEK1KD, a kinase dead mutant of SEK1 (MKK4), was a gift from J. Kyriakis. pRL-CMV was obtained from Promega.
Cell culture. Cerebellar granule neurons were prepared from postnatal day 7 (P7) Sprague Dawley rats as described previously (Coffey et al., 2000) . Cells were cultured in minimal essential medium (MEM) supplemented with 10% (v/v) fetal calf serum (Invitrogen, San Diego, CA), 33 mM glucose, 2 mM glutamine, 50 U/ml penicillin, 50 g/ml streptomycin, and 20 mM supplementary KCl (final, 25.4 mM KCl). Cells were plated at 250,000/cm 2 onto culture surfaces coated with poly-L-lysine (50 g/ml): 24-well plates (Cellstar, Greiner, Germany) for GAL4-reporter assay and immunoblotting and 10.5 ϫ 10.5 mm coverslips for immunofluorescent staining. Culture medium was replaced after 24 h with the inclusion of 10 M cytosine arabinofuranoside (Sigma, St. Louis, MO) to reduce nonneuronal proliferation. After this time, fresh culture medium was not readded to the cells, to avoid serum glutamate-associated toxicity. Cortical neuron cultures were prepared from P0 rats as described previously (Hetman et al., 1999) and maintained in Eagle's basal medium (Worthington, Freehold, NJ) supplemented with 10% bovine calf serum (HyClone, Logan, UT), 2 mM glutamine, 35 mM glucose, 15 mM KCl, 50 U/ml penicillin, and 50 M streptomycin. Cytosine arabinofuranoside (2.5 M) was added 2 d after plating to inhibit proliferation of dividing cells. At 24 h after plating, cortical neurons were transfected using Lipofectamine 2000 according to the manufacturer's instructions. COS-7 cells were cultured in MEM supplemented with 10% (v/v) fetal calf serum, 2 mM glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. Neuro-2A cells were cultured in MEM supplemented with 10% fetal calf serum, nonessential amino acids (Sigma), 2 mM glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. All cells were cultured in a humidified 5% CO 2 atmosphere at 37°C.
Transfections and morphological analysis of cells. For morphological analysis, cerebellar granule neurons were plated on 10.5 ϫ 10.5 mm coverslips. Cells were transiently transfected at 4 d after plating with 1.4 g of pEGFP-MAP2 together with 0.6 g of pcDNA3, empty vector, pcDNA3-dnJNK1, pcDNA3-JIP-JBD, or compartment-targeted nuclear export sequence (NES)-JNK-binding domain (JBD) and nuclear localization sequence (NLS)-JBD, as described previously (Coffey et al., 2000) . For COS-7 and Neuro-2A cell transfections, 75% of DNA was pEGFP-MAP2 or pEGFP-C1, and 5% was pDsRed-␦MEKK1 as indicated. Empty vector pCMV was used to normalize DNA levels between samples. Transfections were performed using Lipofectamine (COS-7 cells) or Polyfect (Neuro-2A) according to the manufacturer's instructions (Invitrogen). Cells were fixed 48 h after transfection, and green fluorescent protein (GFP) fluorescence was analyzed using a Leica (Nussloch, Germany) DMRE microscope equipped with a Hamamatsu (Hamamatsu City, Japan) Orca CCD camera. Neuronal cell dendritic length and branch length was measured from size-calibrated images using MetaMorph software version 6.1 (Universal Imaging Corporation, West Chester, PA). The number of GFP-MAP2-expressing neurites that originated at the cell soma and were equal or greater in length to 1 nuclear diameter (main dendritic processes) were counted manually from digitized images. Processes that separated from the main dendrite, distal to the cell soma, were counted as branches. For analysis of COS-7 and Neuro-2A cell extensions, similar criteria were used, processes that were Ն1 nuclear diameter in length were counted. Cells were stained with Hoechst-33342 for measurements of nuclear diameter and viability. Dead cells with pyknotic nuclei were not analyzed.
Immunostaining. Immunocytochemical staining was performed as follows. Coverslips with neurons at 6 d in vitro (DIV) were fixed with 4% paraformaldehyde for 20 min at 37°C, followed by permeabilization in PBS/Triton X-100 (1%) for 3 min. After washing with PBS, cells were blocked with 10% serum, 0.2% Tween 20, and PBS for 1 h at room temperature. Incubation with primary antibodies was overnight at 4°C using 1:100 anti-SAPK, 2 g/ml ␣-MAP2, or 1:2000 anti-␤-galactosidase (5 Prime 3 3 Prime, Boulder, CO). Immunoreactivity was detected using 1:800 anti-rabbit biotin (Sigma), followed by 1:2000 Streptavidin Alexa-488 (Molecular Probes, Eugene, OR) for SAPK and ␤-galactosidase, or using 1:400 anti-mouse Alexa-568 (Molecular Probes) for MAP2. Before mounting, nuclei were stained with 2 g/ml Hoechst-33342. Slides were scanned under a 63ϫ objective with 488 nm argon and 543 nm HeNe lasers using a Zeiss (Oberkochen, Germany) LSM 510 confocal microscope. Mouse brain (4 months) was fixed for 48 h in 4% paraformaldehyde, impregnated in 30% sucrose, and frozen in isopentane. Cryostat sections (30 m) were blocked with Vectastain blocking solution (Vector Laboratories, Burlingame, CA). Sections were incubated with 2 g/ml anti-MAP2 overnight, followed by anti-mouse Alexa-488 (1:1000), and examined using the argon laser of a Zeiss 510 confocal microscope.
Golgi staining and morphological analysis of tissues. Modified GolgiCox impregnation of 4-month-old mouse brain was performed using the rapid Golgi staining method (FD NeuroTechnologies, Ellicott City, MD). Brains were fixed in solutions A and B for 3 weeks and transferred to solution C for 2 d at 4°C according to the manufacturer's instructions. Sections (120 m) were cut with a cryostat and stained with silver nitrate solution (solutions D and E) before dehydration and mounting on slides with Permount. Slices were examined under a 4ϫ objective using an Olympus (Melville, NY) BX60 microscope, and digitized images were acquired using a U-CMAD-2 CCD camera. Motor cortex thickness was measured as the distance between the inner boundary of the corpus callosum directly above the hippocampal CA1 region and the outer cortical surface. For measurement of dendrite length, 15 cells were chosen randomly and analyzed in each of layers III, IV, and V of the motor cortex in four corresponding sets (360 cells in total were measured). MetaMorph 6.1 was used for morphometric measurements (dendrite length and regional thickness).
Reporter assays. For reporter assays, cerebellar granule neurons on 12-well plates were transfected at 6 DIV with 0.5 g of pGL3-G5E4⌬38, a firefly luciferase reporter plasmid driven by five GAL4 elements in tandem, 0.5 g of pcDNA3-GAL4-Jun(5-105), 0.5 g of pRL-CMV sea pansy luciferase as an internal standard against which signals were normalized, and 0.5 g of pEGFP-C1 as a marker of transfection efficiency, as described previously (Coffey et al., 2002) . In addition, cells were transfected with 2 g of pEGFP-JIP-JBD, pEGFP-NES-JBD, or pEGFP-NLS-JBD as indicated. Twenty hours after transfection, cells were switched to low-KCl (5 mM) medium (trophic withdrawal) for 4 h and lysed in 70 l of passive lysis buffer (Promega). Firefly (reporter) and Renilla (internal standard) luciferase activities were assayed with the dual luciferase assay kit (Promega) according to the manufacturer's instructions.
Tissue extract preparation. The forebrain from adult mice or cerebellum from P7 wild-type and JNK1Ϫ/Ϫ mice was rapidly extracted after decapitation and snap-frozen in liquid N 2 . Frozen tissues were homogenized using an Ultra Turrax homogenizer in ice-cold lysis buffer [20 mM HEPES, pH 7.4, 2 mM EGTA, 50 mM ␤-glycerophosphate, 1 mM dithiothreitol (DTT), 1 mM Na 3 VO 4 , 1% Triton X-100, 10% glycerol, 1 mM benzamidine, 50 mM NaF, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 g/ml aprotinin, and 100 g/ml PMSF]. Lysates were normalized for protein using the Bradford method, and a 0.25 volume of 4ϫ concentrated Laemmli sample buffer was added.
Immunoblot analysis and quantification. Cells were stimulated as indicated, washed in PBS, and lysed with Laemmli sample buffer. Samples were resolved on 5% (MAP2) or 10% SDS-PAGE and transferred by semi-dry transfer to nitrocellulose. Blots were developed using the enhanced chemiluminescence detection method. Films were preflashed, and nonsaturated exposures were digitized by flatbed scanning and quantified by densitometry.
Immune-complex kinase assays. Cytosolic and nuclear fractions were prepared from 3.5 cm dishes of cerebellar granule neurons at 1, 3, or 6 DIV, as described previously (Coffey et al., 2000) . Fractions were incubated with 0.5 l of anti-JNK1 for 2 h, followed by 1 h with 10 l of 50% protein G-Sepharose. Immobilized kinase complexes were washed three times with lysis buffer, three times with LiCl buffer (500 mM LiCl, 100 mM Tris, pH 7.6, 0.1% Triton X-100, and 1 mM DTT), and three times with kinase buffer [20 mM 4-morpholinepropanesulfonic acid, pH 7.2, 2 mM EGTA, 10 mM MgCl 2 , 1 mM DTT, and 0.1% (v/v) Triton X-100]. Kinase assays were performed in kinase buffer supplemented with 50 M ATP, 5 Ci of [␥-32 P]ATP, and 4 g of GST-c-Jun(5-89)/sample for 30 min at 30°C. Reactions were stopped by the addition of Laemmli sample buffer. Samples were resolved by SDS-PAGE gels and analyzed by phosphorimaging.
Kinetic analysis. For examination of kinase specificity toward MAP2, active recombinant pEBG-JNK, pEBG-p38, and pEBG-ERK1 were prepared as described previously (Hongisto et al., 2003) . Kinase assays were performed exactly as described above, except that 0.05-1.0 M bovine HMW-MAP2 (Cytoskeleton) was substituted for GST-c-Jun. Incubations were performed for 30 min at 30°C. Samples were resolved on 5% SDS-PAGE, and 32 P incorporation was measured by phosphorimaging. Michaelis-Menten constant (K m ) values were calculated from Lineweaver Burk plots of calibrated data.
Separation of phosphorylated protein by two-dimensional electrophoresis. Mouse brain extract was homogenized in kinase buffer and phosphorylated using active recombinant JNK1 as described previously (Hongisto et al., 2003) . Protein extract was loaded onto a dry polyacrylamide gel strip with an immobilized pH gradient of 4 -7, according to the manufacturer's instructions (Amersham Biosciences, Uppsala, Sweden). Proteins were separated in the first dimension by isoelectric focusing overnight at 3500 V, followed by two-dimensional separation on 12% SDS-PAGE. Two-dimensional electrophoresis gels were silver stained according to O'Connell and Stults (1997) and analyzed by autoradiography.
Protein identification by mass spectrometry. Reduction, alkylation, and in-gel digestion of the silver-stained proteins were performed as described previously (Shevchenko et al., 1996) using sequence grademodified porcine trypsin (Promega). Digested protein was desalted on a C-18 nano-precolumn (0.3 ϫ 5 mm; LC Packings, Amsterdam, The Netherlands) and separated on an analytical (150 mm ϫ 75 m inner diameter) nano-LC, C18 column. Bound peptides were eluted with 5-60% acetonitrile in 0.1% formic acid (200 nl/min) into the mass spectrometer (Q-StarPulsar; Applied Biosystems, Foster City, CA) for peptide mass determination and sequencing in positive ion mode. The Timeof-Flight survey scan (1 s) selected for doubly and triply charged peptides. The two most-intense peaks were selected and fragmented by collision-induced dissociation, and the product ion spectra were collected. Data were processed by Analyst QS software (Applied Biosystems) and matched to the SwissProt protein database using the MASCOT algorithm with fixed modification, carbamidomethyl (C) and variable modification, and oxidation. Peptide and mass spectrometry/mass spectrometry (MS/MS) tolerance were Ϯ0.2 Da. Peptide charge was 2ϩ and 3ϩ, using monoisotopic masses allowing for up to one missed cleaved site.
Statistical analysis. Statistical ANOVA was done using SPSS for Windows version 11.0 (SPSS, Chicago, IL). One-way ANOVA followed by Fisher's least significant difference post hoc test was used for analysis of significance in samples with more than two variable groups.
Results
JNK activity increases sharply during differentiation of cultured neurons (Coffey et al., 2000) and embryonic midbrain cells (Park et al., 2004) . This elevated activity predominates in the cytoplasm where the molecular actions of JNK are not clearly defined (Coffey et al., 2002) . The aim of this study was to investigate the mechanism of JNK regulation of neuronal architecture.
JNK1 activity is developmentally upregulated during neuronal differentiation and contributes to physiological JNK activity in the cerebellum
Identifying the JNK isoform that is upregulated during neuronal differentiation has been hindered by the lack of isoform-specific JNK antibodies. However, an antibody specific for the JNK1 isoform does exist and has been characterized previously (Coffey et al., 2002) . Using this antibody, we isolated JNK1 from neurons at 1, 3, and 6 d after plating and measured kinase activity in vitro toward GST-c-Jun(5-89) by immune-complex kinase assay (Fig.  1 A) . JNK1 activity increased sharply in the cytoplasmic compartment of cerebellar granule neurons differentiating in culture. To determine the contribution of JNK1 to total JNK activity in the cerebellum at a corresponding stage of development, cerebellar cortices from wild-type and JNK1-deficient mice were normalized for protein and kinase activity measured by immunoblotting with an antibody detecting the active form of JNK (Fig. 1 B) . JNK activity was reduced by 70% in the JNK1Ϫ/Ϫ cerebellum.
JNK1 phosphorylates brain-derived MAP2
To identify potential targets for elevated JNK1 activity in the brain, we phosphorylated P7 mouse brain extract with recombinant active JNK1. Proteins were separated by two-dimensional SDS-PAGE, and phosphorylated proteins were visualized by autoradiography. JNK1 induced strong phosphorylation of a protein migrating at 250 kDa with an isoelectric point of 4.8 (Fig. 2 A; the inset shows a silver-stained gel and corresponding autoradiograph; for a magnified view, see supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The prominently phosphorylated spot was excised from the gel and digested with trypsin. MS/MS sequencing revealed nine complete peptide sequences that corresponded to mouse HMW-MAP2b (GenBank accession number P20357). The total ion chromatogram of selected peptides and MS/MS spectra of one of the identified peptides is shown (Fig. 2 A) . These data unambiguously identified the JNK phosphorylated protein as MAP2. Lower-molecular-weight proteins, also phosphorylated by JNK1, were identified by MS as degradation products of MAP2 (Fig. 2 A, arrows) . If MAP2 is a bona fide target for JNK, both proteins are expected to reside in the same subcellular compartment. To test this, we immunostained cerebellar granule neurons at 6 d after plating with antibodies specific for high-molecular-weight MAP2 and JNK (Fig.  2 B) . Confocal sections revealed colocalization of MAP2 and JNK immunoreactivity in the somatodendritic compartments of differentiating neurons.
JNK phosphorylates MAP2 somewhat more efficiently than ERK in vitro Our screen identified MAP2 as a JNK substrate using subphysiological concentrations of MAP2 from brain extract, and furthermore, MAP2 was the most highly phosphorylated protein when JNK1 was used as kinase ( Fig. 2 A, two-dimensional gel). ERK and JNK mitogen-activated protein kinases (MAPKs) were originally identified as kinases that phosphorylated purified MAP2 in vitro on threonine residues (Kyriakis and Avruch, 1990; Boulton et al., 1991) . To determine which of the MAPKs, JNK, ERK or p38, showed preferential phosphorylation of MAP2, we analyzed MAP2 phosphorylation using recombinant active kinases that had been first normalized for activity as described previously (Hongisto et al., 2003) . JNK preferentially phosphorylated MAP2 compared with ERK with a Michaelis-Menten constant (K m ) of 0.32 and 0.57 M, respectively (Fig. 3A) . p38 phosphorylation of MAP2 was very weak compared with ERK and JNK.
JNK1 phosphorylates MAP2 in intact cells and in the brain
We subsequently examined whether JNK phosphorylated MAP2 in intact cells. COS-7 cells were transfected with GFP-MAP2 and Figure 1 . JNK1 activity is upregulated during differentiation of neurons in culture. A, Cytoplasmic and nuclear fractions from cerebellar granule neurons at 1, 3, and 6 DIV were analyzed for JNK1 activity using an isoform-specific JNK1 antibody. Immune-complex kinase activity was quantified by phosphorimaging and expressed as arbitrary units. Representative autoradiographs and mean Ϯ SEM from four sets are shown. B, JNK activity from the P7 wild-type (WT) and JNK1Ϫ/Ϫ cerebellum was measured by immunoblotting with an antibody recognizing the active form of JNK (P-JNK). JNK activity was expressed as a percentage of wild type. The mean Ϯ SEM are shown. Representative immunoblots from three sets depicting immunoreactivity of P-JNK, pan-JNK, striatin, and tubulin (loading controls) are shown. A, Brain-derived HMW-MAP2 was identified as a JNK1 substrate using MS. P7 mouse brain homogenate phosphorylated by JNK1 was separated by two-dimensional gel electrophoresis. Corresponding sections of the silver-stained gel and autoradiograph are shown. JNK1 phosphorylated protein (circled) was analyzed using electrospray analysis. Nine complete peptide sequences matching mouse HMW-MAP2 were obtained. B, To determine whether JNK colocalized with MAP2 in neurons, cerebellar granule neurons at 6 DIV were immunostained for MAP2 (red) and pan-JNK (green). Representative confocal micrographs are shown. The composite image shows strong overlap (yellow) in JNK and MAP2 localization in the cell soma and dendrites. Scale bar, 10 m.
dsRed-␦MEKK1, to activate coexpressed glutathione S-transferase (GST)-JNK, or with SEK1KD, to prevent JNK activation (Fig. 3B) . Activation of JNK led to a retarded migration of GFP-MAP2 on SDS-PAGE, consistent with increased MAP2 phosphorylation (Fig. 3B, lane 3) . This was blocked by coexpression of a dominant-negative inhibitor of JNK signaling, SEK1KD. JNK phosphorylates Thr residues on MAP2 in vitro (Kyriakis and Avruch, 1990) . To directly measure MAP2 phosphorylation in intact cells, we used antibodies that recognize phospho-TP. Cells were transfected as above, this time substituting GST-MAP2 for GFP-MAP2. GST-MAP2 was isolated using glutathioneSepharose and phospho-TP immunoreactivity detected by immunoblotting. Active JNK induced a 5.5-fold increase in specific phosphorylation on Thr-Pro motifs of MAP2 in intact cells (Fig.   3B ). To examine JNK phosphorylation of MAP2 in vivo¸we used an antibody that recognizes the proline-rich C-terminal domain of MAP2 in its dephosphorylated state (Arg 1616 -Thr-Pro-GlyThr-Pro-Gly-Thr-Pro-Ser-Tyr 1626 ). This domain contains three consensus sites for JNK phosphorylation and is highly phosphorylated in the adult brain (Sanchez et al., 1996) . Immunoblotting of the cortex from JNK1Ϫ/Ϫ mice revealed a significant increase in dephospho-MAP2 immunoreactivity compared with wildtype (Fig. 3C,D) . This suggests that JNK1 phosphorylates the proline-rich C-terminal domain of MAP2 in the brain. Because ERK phosphorylated MAP2 to a similar extent as JNK in vitro, we examined the effect of ERK inhibition on MAP2 proline-rich domain phosphorylation in neurons. Cerebellar granule neurons were treated with U0126, a pharmacological inhibitor of MAPK/ ERK kinase 1/2 (MEK1/2), which we demonstrated effectively inhibited ERK activation (see Fig. 7D ). However, ERK inhibition did not affect MAP2 phosphorylation in the proline-rich domain (Fig. 3E) . This is not surprising because ERK is reported to phosphorylate MAP2 predominantly in the N-terminal projection domain (Silliman and Sturgill, 1989; Berling et al., 1994) .
JNK regulates dendritic architecture in cerebellar granule neurons MAP2 plays a critical role in regulating dendritic elongation (Harada et al., 2002) . Similarly, elevated basal JNK activity regulates neuronal cell shape (Coffey et al., 2000) . However, this previous study did not distinguish between dendritic and axonal structures. To determine whether the effects of JNK on cytoarchitecture occurred in dendritic structures, cerebellar granule neurons at 5 DIV were transfected with GFP-MAP2 together with the JBD of JIP1 (JIP-JBD) (Fig. 4) , a fragment of JIP1 that inhibits JNK substrate phosphorylation (Dickens et al., 1997; Coffey et al., 2000) . A dominant-negative JNK inhibitory protein (dnJNK1) was used as an additional inhibitor of JNK substrate phosphorylation (Kallunki et al., 1994) . Control cells expressing GFP-MAP2 alone projected an average of two or three dendrites from the cell soma, whereas there was a dramatic and significant increase in dendrite number from cells in which JNK substrate phosphorylation was inhibited (Fig. 4 A, B) . The average length of dendrites was also significantly reduced after expression of JNK inhibitory proteins (Fig. 4C) . It is notable that the changes measured in cytoarchitecture were in the dendritic compartment, because GFP-MAP2 was excluded from the axonal compartment, whereas the soluble ␤-galactosidase was present in both axons and dendrites (Fig. 4 D) .
MAP2-dependent process elongation is regulated by JNK
Having demonstrated that JNK regulated dendrite length and number in GFP-MAP2-expressing cerebellar granule neurons (Fig. 4) , we wanted to establish whether MAP2 phosphorylation by JNK played a causal role in this event. To avoid possible interference from the neuron-specific JNK targets tau, neurofilament, and doublecortin (O'Ferrall et al., 2000; Gdalyahu et al., 2004; Yoshida et al., 2004) , we chose to use a non-neuronal cell model in which production of cell protrusions is entirely dependent on exogenously expressed GFP-MAP2. It is well established that expression of MAP2 induces "neurite-like" extensions in cells that otherwise do not develop processes (Berling et al., 1994; Boucher et al., 1999; Sanchez et al., 2000) . We observed that expression of GFP-MAP2 in nonprocess-bearing cells induced projections from the cell soma that were Ͼ1 nuclear diameter in length (Fig.  5A) . Resting JNK activity in COS-7 cells is low, therefore the JNK activator ␦MEKK1 was coexpressed to activate endogenous JNK. Active recombinant kinases were used to phosphorylate increasing concentrations of MAP2. B, To evaluate the ability of JNK to phosphorylate MAP2 in intact cells, COS-7 cells were transfected with GFP-MAP2 and ␦MEKK1 to activate coexpressed JNK or with SEK1KD to prevent JNK activation. JNK activation was visualized by immunoblotting for active JNK (PJNK). MAP2 displayed retarded mobility on SDS-PAGE after activation of JNK. Representative blots from five repeats are shown. Phosphate incorporation to Thr-Pro motifs on MAP2 was evaluated by repeating the transfections substituting GST-MAP2. GST-MAP2 sequestered on glutathione-Sepharose was immunoblotted with antibodies recognizing phosphorylated Thr-Pro motifs (Phospho-TP) and quantified by densitometry. Fold increase in MAP2 phospho-TP immunoreactivity above control is depicted above the gel panels. C, Phosphorylation of MAP2 was examined in the wild-type and JNK1Ϫ/Ϫ-deficient cortex from P7 mice using an antibody recognizing the dephosphorylated form of the C-terminal proline-rich domain (RTPGTPGTPSY) of MAP2 (Ab972). Tissue lysates were normalized for MAP2 expression (bottom) and probed with Ab972 (DeP-MAP2). D, Mean data from three sets of animals Ϯ SEM is shown. E, Cerebellar granule neurons at 6 DIV were treated with U0126 (10 M) for 24 h and lysates blotted for dephospho-MAP2 (DeP-MAP2) or MAP2 as indicated. Inhibition of ERK did not alter MAP2 phosphorylation in this domain. ***p Ͻ 0.001 (ANOVA). WT, Wild type.
Expression of ␦MEKK1 led to an increase in GFP-MAP2-dependent process length, whereas expression of ␦MEKK1 alone had no effect (Fig. 5 A, B) . Given that MAP2 is believed to play a role in microtubule stability, these data suggested that JNK phosphorylation of MAP2 is involved in MAP2-dependent stabilization of microtubules and process outgrowth and that this event is independent of other known JNK targets.
We then tested the ability of JNK to regulate MAP2-dependent process outgrowth in the Neuro-2A neuroblastoma model. These cells produce large amounts of microtubules and are classically used for studies of tubulin-based mechanisms (Stamer et al., 2002) . Expression of GFP-MAP2 alone in Neuro-2A induced only short protrusions from the cell body, whereas expression of the JNK activator ␦MEKK1 led to a dramatic increase in GFP-MAP2-generated process length (Fig. 5C,D) . Together, these data indicate that JNK phosphorylation of MAP2 is genuinely involved in facilitating MAP2-dependent extension of projections.
Characterization of compartment-specific JNK inhibitors
JNK activity predominates in the cytoplasm in developing neurons, although residual nuclear JNK activity is also detectable (Fig. 1 A) (Coffey et al., 2000) . Therefore, we could not exclude the possibility that the regulation of dendritic architecture observed (Fig. 4) resulted from JNK regulation of nuclear targets. To determine whether cytoplasmic or nuclear JNK was responsible for maintaining cell shape homeostasis, we prepared compartment-specific inhibitors of JNK. An NES from MEK1 or three NLSs from SV40 large T antigen were fused in tandem upstream of the JNK inhibitor protein JIP-JBD. As expected, these targeted proteins localized to cytoplasmic and nuclear compartments, respectively, when expressed in COS-7 cells (Fig. 6 A) and in cerebellar granule neurons (Fig.  6 B) . The functional specificity of NES-JBD and NLS-JBD toward JNK activity in the nuclear compartment was tested using a gene reporter assay. NLS-JBD, but not NES-JBD, prevented JNK-dependent induction of GAL4-Jun-driven firefly luciferase activity, induced by withdrawing trophic support from cerebellar granule neurons (Fig. 6C) . This demonstrated that NES-JBD was not functional in the nuclear compartment. To verify that NES-JBD inhibited cytoplasmic JNK action, we tested the ability of NES-JBD to prevent phosphorylation of a cytoplasmic JNK reporter; NES-cJun(1-146). Because expression of NES-cJun(1-146) in cerebellar granule neurons was not detectable by immunoblotting, we used cortical neurons where a higher transfection efficiency was obtained. Phosphorylation of exogenously expressed NES-cJun(1-146) was entirely blocked by coexpression of NES-JBD (Fig.  6 D) .
Cytoplasmic JNK regulates dendritic complexity and length in neurons
To examine whether cytoplasmic or nuclear JNK was responsible for the regulation of dendritic architecture, cerebellar neurons were transfected with GFP-MAP2 in the presence or absence of NES-JBD or NLS-JBD. Inhibition of cytoplasmic JNK activity with NES-JBD evoked a dramatic increase in dendrite number (Fig.  6 E) and concomitant decrease in dendrite length (Fig. 6 F) . Interestingly, inhibition of nuclear JNK with NLS-JBD had no effect on dendrite number or length. Because the overall extent of dendrites has an impact on firing pattern (Mainen and Sejnowski, 1996) , we analyzed the influence of JNK activity on dendritic structure as a whole by measuring total dendrite length (Fig. 6G) . The total dendritic network length was defined as the combined length of main dendrites and branches for a given cell. Inhibition of cytoplasmic JNK induced an increase in the total length of the dendritic network (Fig. 6G) . This is not surprising given the dramatic increase in dendrite number observed after JNK inhibition (Fig. 6 E) . These data provide the first evidence that cytoplasmic JNK activity regulates dendritic architecture in cultured neurons. Moreover, it implies that the JNK effectors regulating dendritic architecture reside in the cytoplasm.
Neurons from JNK1؊/؊ mice display increased dendritic arbor number and decreased arbor length JNK1 activity contributes to 70% of the constitutive activity existing in the developing cerebellum (Fig. 1 B) and adult cerebral cortex (Kuan et al., 2003) . If JNK1 is primarily responsible for regulating dendritic architecture, neurons from JNK1 knock-out mice should show disrupted dendritic shape similar to that obtained after inhibition of JNK action with JIP-JBD or dnJNK1 (Figs. 4, 6 ). To closely examine dendritic structure, neurons from the JNK1Ϫ/Ϫ cerebellum were transfected with GFP-MAP2, allowing single-cell morphology analysis to be performed against a dense network of fasiculated neurites from the nontransfected cell population. Cerebellar granule neurons from JNK1Ϫ/Ϫ Figure 4 . Inhibition of JNK leads to shorter and more numerous dendritic processes. A, To determine the effect of JNK inhibition on dendritic length, cerebellar granule neurons at 5 DIV were transfected with GFP-MAP2 together with the JNK inhibitory protein JIP-JBD or dnJNK1. Scale bar, 10 m. B, After a 48 h expression, the number of dendrites, extending from the cell soma, that were Ͼ1 nuclear diameter in length were counted. The percentage of cells with a given number of dendrites was plotted from six to nine data sets. C, Dendrite length was measured from the same cells. The number of cells counted for each condition is shown above the corresponding histogram bars. D, Cerebellar granule neuron transfected at 5 DIV with GFP-MAP2 (green) and ␤-galactosidase (␤-gal; red). ␤-Galactosidase is expressed in both axonal and dendritic compartments, whereas GFP-MAP2 localization is restricted to the dendrites. The mean Ϯ SEM for six data sets is shown. **p Ͻ 0.01, ***p Ͻ 0.001 (ANOVA).
mice exhibited a striking increase in the number of main dendrites extending from the cell body (Fig. 7 A, B) . The majority of JNK1Ϫ/Ϫ cells extended more than six dendritic processes, whereas most of the wild-type cells extended only two to three dendrites. Similarly, the dendrite length in JNK1Ϫ/Ϫ cells was significantly reduced and indistinguishable from that of cells in which JNK activity was inhibited with JIP-JBD (Fig. 7D) . Moreover, expression of JIP-JBD in JNK1Ϫ/Ϫ neurons did not further alter dendrite number or length, indicating that JNK1 plays a nonredundant role in regulating dendritic architecture.
JNK1 dominates over ERK in regulating dendritic shape in cerebellar granule neurons
The closely related protein kinase ERK also phosphorylates MAP2 in vitro (Fig. 3) , albeit at distinct sites from the JNK phosphorylated proline-rich domain. We therefore examined whether ERK regulated dendritic architecture. Treatment of neurons with U0126 (10 M) elicited longterm inhibition of ERK activity (Fig. 7E) ; however, this did not induce any significant change in dendritic process number in wild-type cerebellar granule neurons. Interestingly, blocking ERK activity in JNK1Ϫ/Ϫ neurons resulted in decreased process number (Fig. 7 B, C , compare JNK1Ϫ/Ϫ cells with and without U0126). ERK activity was unaltered in JNK1Ϫ/Ϫ neurons, indicating that JNK was not acting via ERK (data not shown). These data suggest that although ERK has the capacity to increase dendritic complexity, this does not occur in differentiating cerebellar granule neurons in which JNK1 is active.
The function of dendrites is to transmit electrical signals from incoming synaptic contacts. Increased branching and increased dendritic length attenuate electrical spread and thereby affect signal integration and the firing properties of neurons (Mainen and Sejnowski, 1996; Shepherd, 1999; Hausser et al., 2000) . To examine how loss of JNK1 expression affected dendritic network complexity, we measured dendritic branch number and length in wild-type and JNK1Ϫ/Ϫ neurons (Fig. 7F ). There was a significant increase in branch points and a simultaneous decrease in branch length in cells expressing JIP-JBD and in cells from JNK1Ϫ/Ϫ mice. This suggests that JNK negatively regulates dendritic complexity in cerebellar granule neurons. Conversely, inhibition of ERK in a JNK1-negative background caused a significant decrease in branch number and increase in branch length. These data suggest that ERK can positively regulate dendritic branch complexity if steps are taken to lower JNK1 activity.
Dendrite arborization is deregulated in the cerebellum and motor cortex of the JNK1؊/؊ brain
Having demonstrated that MAP2 phosphorylation was decreased in the JNK1Ϫ/Ϫ brain (Fig. 3C,D) , we subsequently determined whether dendritic structure was altered. Dendrite arborization was examined in the wild-type and knock-out cerebellum stained with antibodies specific for MAP2 (Fig. 8 A) . The wild-type cerebellum displayed a uniform dendritic architecture, most clearly visualized in the Purkinje cells of the molecular layer. In contrast, the JNK1Ϫ/Ϫ cerebellum exhibited a notable increase in dendritic complexity in the molecular layer, dendrites appearing more twisted and branched than in the wild-type cerebellum. This striking disturbance of Purkinje cell dendritic architecture was observed consistently in the JNK1Ϫ/Ϫ but not in the wildtype cerebellum. MAP2 expression levels were not altered in the adult JNK1Ϫ/Ϫ brain (Fig. 8 B) . We then inspected dendritic structure in the cortex using the classical Golgi-Cox impregnation method (Fig. 8C) . Sagittal sections through the medial cortex revealed a remarkable decrease in dendritic arbor length in the motor cortex of JNK1Ϫ/Ϫ mice compared with wild type. Digital images of corresponding sections from the JNK1Ϫ/Ϫ and wildtype motor cortex were collected. From these, dendrite lengths were measured from neurons in layers III, IV, and V, where Golgi-Cox staining is most clearly visible. The average dendrite length in the motor cortex of knock-out mice decreased by 60 -70% compared with wild type (Fig. 8 F) . The majority of these dendrites, even in the deeper layers, were Ͻ150 m long (Fig.  8 E) . Such overt changes in dendritic morphology were not apparent in the surrounding neocortex. Another conspicuous feature of the JNK1-deficient motor cortex was the decrease in thickness (Fig. 8C,D) . Although the motor cortex was dramatically reduced in thickness by Ͼ50%, there was only a minor reduction in the size of the prefrontal cortex (Fig. 8 D) , indicating that there is a relatively selective regional deterioration in the absence of JNK1. An additional phenomenon was consistently observed in Figure 5 . JNK increases MAP2-dependent process length. A, To examine the influence of JNK on MAP2-dependent process growth, COS-7 cells were transfected with GFP or GFP-MAP2. GFP-expressing cells did not extend processes, whereas GFP-MAP2-expressing cells generated processes that were Ͼ1 nuclear diameter in length. Nuclear diameter was assessed by Hoechst-33342 staining. B, The effect of JNK on MAP2-dependent process growth was measured by coexpressing the JNK activator ␦MEKK1. Process length was measured and defined as short (Ն1 nuclear diameter), medium (2-3 nuclear diameters), or long (Ͼ3 nuclear diameters). Nuclear diameters were measured from Hoechst-33342-stained nuclei. The mean Ϯ SEM from three separate sets is shown. C, A similar analysis was performed in Neuro-2A cells. Expression of the JNK activator ␦MEKK1 greatly enhanced GFP-MAP2-dependent process elongation, whereas expression of ␦MEKK1 alone did not induce elongation. Representative images of GFP-MAP2-expressing Neuro-2A cells are shown. D, Process length was measured as described in B. The mean Ϯ SEM from three sets are shown. *p Ͻ 0.05, ***p Ͻ 0.001 (ANOVA).
the cortex of JNK1Ϫ/Ϫ mice. There was a dramatic increase in thick Golgi-impregnated structures in JNK1Ϫ/Ϫ brains compared with wild type (Fig. 8C, white arrow) . This feature has previously been attributed to Golgi-Cox staining of blood vessel epithelial cells (Kolb et al., 1999) . This is unlikely to be an artifact because brains from wild-type and knock-out mice were extracted and fixed under identical conditions, and this phenomenon was observed only in knock-out mice. This was widespread throughout the cortex and cerebellum of knock-out mice, suggesting a difference in vascularization of JNK1Ϫ/Ϫ brains.
Discussion
Maintenance of dendrite homeostasis is important for normal neuronal physiology, and dysregulation of dendritic structure is a feature of schizophrenia and mental retardation disorders such as autism, Rett syndrome, and Down's syndrome, in which reduction in length and branching of dendritic arbors is observed (Rosoklija et al., 2000; Broadbelt et al., 2002; Fiala et al., 2002; Zoghbi, 2003; Mukaetova-Ladinska et al., 2004) . Understanding the mechanisms of dendrite formation and homeostasis may provide important clues to the etiology of such diseases. We and others have shown previously that JNK regulates neuronal cell shape (Coffey et al., 2000; Waetzig and Herdegen, 2003) . In this study, we tested the importance of physiologically active JNK for dendritic architecture in cultured neurons and in the brain. We studied the dendrites of cerebellar granule neurons in vitro, because the maturation of these cells in culture closely mimics that in the brain (Burgoyne and Cambray-Deakin, 1988 ) and granule cell JNK activity is known to increase during differentiation in culture in parallel to JNK upregulation in the developing cerebellum (Coffey et al., 2000) . Analysis of dendrite structure in brains lacking the physiologically active form of JNK (JNK1) provided an in vivo model in which to assess the significance of JNK activity for dendrite structure.
A conspicuous feature of elevated JNK activity in neurons is its almost exclusive localization to the cytoplasmic compartment (Coffey et al. 2000) , contrasting with the expectation of activity-dependent translocation to the nucleus. Consistent with this, a growing list of cytoplasmic targets have emerged for JNK, suggesting that this pool of activity may be of physiological importance (McDonald et al., 2000; Huang et al., 2003; Inomata et al., 2003; Gdalyahu et al., 2004) . Nonetheless, a minor pool of nuclear JNK activity also exists in differentiating neurons, and the most comprehensively studied JNK effectors are transcriptional regulators that are localized to the nucleus (Coffey et al., 2000; Hazzalin and Mahadevan, 2002; Shaulian and Karin, 2002) . A major concern during this study was to determine whether nuclear or cytosolic JNK signaling was responsible for refining neuronal shape. Here, we describe for the first time compartment-targeted inhibition of JNK. Our data establish that cytoplasmic and not nuclear JNK is the dominant regulator of dendritic form in neurons. MAP2 would appear to be the most likely effector because it is the only candidate JNK target known to regulate dendritic structure, and more importantly, we demonstrate that JNK phosphorylates MAP2 in intact cells and regulates its ability to induce process outgrowth.
Morphogenesis defects have been reported in brains from JNK knock-out mice. JNK1 is required for fiber tract formation, Figure 6 . Cytoplasmic JNK regulates dendritic architecture in cerebellar neurons. A, To selectively target cytoplasmic and nuclear JNK activity, compartment-specific JNK inhibitors (NES-JBD and NLS-JBD) were prepared. GFP-tagged (green) NES-JBD localized to the cytoplasm and NLS-JBD localized to the nucleus when expressed in COS-7 cells (top). Nuclei were stained with Hoechst-33342 (blue), and composite images are shown (bottom). B, GFP-NES-JBD localized to the cytoplasm and GFP-NLS-JBD localized to the nucleus in cerebellar granule neurons. C, The ability of NES-JBD and NLS-JBD to inhibit nuclear JNK activity was tested by reporter assay. Cerebellar granule neurons were transfected at 6 DIV with a GAL4-driven luciferase reporter and GAL4-Jun. Trophic withdrawal (low-KCl medium) induced JNK-dependent GAL-4-Jun activity. This was inhibited by coexpression of NLS-JBD but not of NES-JBD. Firefly luciferase activity was normalized to Renilla luciferase internal standard. Reporter activity is expressed as fold response from controls without trophic withdrawal. The mean Ϯ SEM from three sets are shown. D, The ability of NES-JBD to block cytoplasmic JNK activity was tested by measuring the phosphorylation of cotransfected NES-c-Jun(1-146). Because of detection problems from transfected cerebellar granule neurons, these transfections were performed in cortical neurons. Coexpression of NES-JBD efficiently blocked phosphorylation of NES-Jun(1-146). E, Cerebellar granule neurons were transfected with NES-JBD or NLS-JBD together with GFP-MAP2 as shown. The number of dendrites extending from the cell soma was counted as before (Fig. 4) . NES-JBD induced a dramatic increase in dendrite number, whereas NLS-JBD had no effect. The mean Ϯ SEM from four to seven sets is shown. F, Dendrite length was measured from the same cells. NES-JBD significantly reduced dendrite length. The mean Ϯ SEM from four sets is shown. G, Total dendritic network length was measured from cells expressing GFP-MAP2 together with JIP-JBD, NES-JBD, or NLS-JBD as shown. Inhibition of cytoplasmic JNK selectively increased the dendritic network length. The mean Ϯ SEM from four to six sets is shown. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 (ANOVA).
and JNK3 is required for optic fissure closure (Chang et al., 2003; Weston et al., 2003) . Here, we report a striking dysregulation of dendritic structure in the motor cortex of JNK1Ϫ/Ϫ mice, where a substantial reduction in dendrite length was accompanied by localized atrophy and thinning as is reported during aging and in multiple sclerosis (Nakamura et al., 1985; Sailer et al., 2003) . The degeneration of the motor cortex in JNK1-deficient mice indicates a physiological requirement for JNK in maintaining this center of movement control. There are no published studies demonstrating behavioral defects in these mice, and it is not known whether the absence of JNK1 results in diminished motor function. Moreover, whether disruption of JNK signaling underlies the pathology of diseases such as mental retardation syndromes and mood disorders that are characterized by dendritic anomalies is also unknown. Interestingly, however, a translocation of the JNK3 gene has been described in a patient suffering from severe mental retardation syndrome (Shoichet, 2004) . This translocation results in expression of a truncated form of JNK3 that could conceivably have a dominantnegative influence on JNK signaling. Notably, this patient showed early progressive loss of motor coordination skills, as would be expected if JNK is critical for maintaining motor cortex integrity, as our data suggest. It is also worth noting that PAK3 (p21-activated kinase), which is mutated in several families affected with mental retardation disorders (Bienvenu et al., 2000) , is a member of the Ste20-related kinase group, proposed upstream JNK regulators (Brown et al., 1996) .
Metric changes in dendrite length and number leading to increased complexity were observed in cultured cerebellar granule neurons after inhibition of cytoplasmic JNK. Similarly, in the JNK1Ϫ/Ϫ cerebellum, there was a prominent increase in dendritic arbor complexity in the molecular layer (Fig. 8 A) , which consists primarily of Purkinje cell dendrites. Purkinje cells display a characteristically complex and planar dendritic tree that extends like a branched candelabrum toward the surface of the cerebellum. An interesting possibility is that the planarity of Purkinje dendrites is lost in the JNK1Ϫ/Ϫ brain, because the staining observed is consistent with what may be expected if this tree was three-dimensional. The extensive foliation of the cerebellum makes equivalent orientation of the tissue during sectioning difficult. However, we observed a distinct pattern of dendritic architecture in each of critical because it establishes that MAP2-dependent process growth is regulated by JNK in the absence of known neuronspecific JNK targets. The alternative targets are classically known for their function in axons and growth cones and therefore are unlikely to influence dendritic changes, making MAP2 the most likely effector of dendritic alterations by JNK in vivo.
In conclusion, we have demonstrated that JNK plays a causal role in regulating MAP2-dependent process length, dendrite number, and elongation in cultured cells and in the brain. Together, these data suggest that JNK phosphorylation of MAP2 is of genuine importance for normal dendrite homeostasis.
